Abstract Sildenafil has been reported to improve exercise capacity in Fontan patients, but the physiologic mechanisms behind these findings are not completely understood. The objective of this study was to study the acute effect of sildenafil on pressure-volume loop (PVL) measures of ventricular function in Fontan patients. Patients after Fontan operation who were presenting for a clinically indicated catheterization were enrolled. Patients were randomized in a double-blinded fashion to receive placebo (n = 9) or sildenafil (n = 10) 30-90 min prior to catheterization. PVLs were recorded using microconductance catheters at baseline and after infusion of dobutamine (10 mcg/kg/min). The primary outcome was change in ventriculoarterial (VA) coupling. For the entire cohort, VA coupling trended toward improvement with dobutamine (1.4 ± 0.4 to 1.8 ± 0.9, p = 0.07). End-systolic elastance showed improvement (2.6 ± 0.9 to 3.8 ± 1.4 mmHg m 2 / ml, p \ 0.01) with dobutamine infusion. The cohorts had similar VA coupling at baseline (p = 0.32), but the sildenafil cohort trended toward having less of an improvement in VA coupling with dobutamine stress (p = 0.06). There were no differences between PVL measures of systolic or diastolic function between treatment groups, both at baseline and after dobutamine infusion. Patients with Fontan circulation had improved contractility and trended toward improvement in VA coupling with dobutamine stress. Acute sildenafil administration was not associated with improved PVL measurements of ventricular function in this population. These results suggest that clinical improvements seen with administration of sildenafil in Fontan patients are not associated with an acute improvement in ventricular function.
Introduction
Modifications to surgical procedures and medical treatment have led to a rapidly declining mortality rates in patients with single-ventricle heart disease (SV) [9, 17] . However, SV patients still suffer from lower quality of life, decreased exercise capacity, worse neurodevelopmental outcomes and many other morbidities [1, 2, 9, 13, 20, 21, 25, 35] . While patients with SV circulation only make a small portion of all congenital heart diseases, 2-4 %, they require a great deal of resource utilization [9, 12, 24, 30] .
Standard medical treatments for adult heart failure have not had the same success in the SV population [32] . Phosphodiesterase 5 (PDE5) inhibitors have recently become a frequently used medication class in patients with SV heart disease to treat pulmonary hypertension, heart failure, as well as ''Fontan'' failure (i.e., plastic bronchitis and protein-losing enteropathy) [10, 15, 16, 22, 23, 28, 36] . While there have been findings of improved measures of exercise capacity and some reports of improved symptoms of heart failure, the physiologic mechanisms behind these findings are not completely understood [7, 15, 23, 28] . There have been reports, indicating that the phosphodiesterase five inhibitors improve ventricular function in biventricular circulation patients and animal models [5, 18, 19] . The aim of our study was to investigate the effect of acute PDE5 inhibition on ventricular function in SV patients after the final palliative surgery, the Fontan procedure.
Methods Patients
Patients presenting for clinically indicated catheterization were screened for enrollment. Inclusion criteria included a previously performed Fontan procedure, age 3-40 years and informed consent. Exclusion criteria were as follows: the use of PDE5 inhibitor within 1 month of catheterization; hemodynamically significant arrhythmia within 2 months of catheterization; venous, arterial or cardiac malformation that would preclude the proper placement of a microconductance catheter; allergy or previous significant adverse reaction to sildenafil or other PDE5 inhibitors.
Informed Consent
The protocol was approved by the Medical University of South Carolina institutional review board. Informed consent was obtained from the parent or legal guardian (age \ 18 years) or from the patient (age C 18). Assent was obtained for all patients between ages 12-17 years. (Clinicaltrials.gov Identifier: NCT01815502).
Pressure-Volume Loop Data
Pressure-volume loops (PVLs) were obtained through direct measurement using four French microconductance catheters (CD Leycom Ò , Zoetermeer, Netherlands). For patients with a patent Fontan to atrial communication, microconductance catheters were placed in the ventricle via an antegrade approach. A five-French transseptal sheath was used to stabilize the catheter. For patients without a patent Fontan to atrial communication, a microconductance catheter was placed into the single ventricle using a retrograde approach. PVLs were obtained under general anesthesia during an expiratory breath hold. Careful attention was given to place the catheter in the center of the ventricle and eliminate volume segments outside of the ventricle in the analysis.
Pressure-volume loop analysis was performed offline using specialized software (LabScribe2 Ò ,iWorx, Dover, NH). PVLs were volume calibrated using the parallel conductance technique. In short, each patient underwent 3 injections of 5 % hypertonic saline (10 cc/injection) into the Fontan circuit. Cardiac output was measured calculated using the Fick equation using directly measured oxygen consumption (Ultima TM metabolic cart, MGC Diagnostics, Saint Paul, MN). Volume calibration was performed both at baseline and after dobutamine stress. All PVLs were assessed by a single-blinded reviewer (RB).
Systolic PVL indices included end-systolic elastance (Ees), stroke work (SW), maximum rate of pressure change (dP/dT max ) and ejection fraction (EF). Ees was calculated using a previously described and validated single-beat technique [33] . Stroke work was defined as the area encompassed by the PVL. Arterial elastance (EA) was defined as end-systolic pressure divided by stroke volume. Ventricular-arterial (VA) coupling was determined by the ratio of Ees to EA. Diastolic PVL indices included isovolumic relaxation time constant (Tau), rate of ventricular filling, and maximal rate of pressure decline (dP/dT min ). Rate of ventricular filling was defined as the difference between end-systolic volume and end-diastolic volume divided by the diastolic filling time. To account for significant differences in size of patients, indices that incorporated stroke volume in their derivation (Ees, EA, SW and filling rate) were indexed to body surface area.
Dobutamine and Study Drug Administration
After baseline PVLs were recorded, each patient received an infusion of dobutamine at 10 mcg/kg/min for 10 min or until heart rate reached a steady state. At the end of the dobutamine infusion, repeat PVLs were recorded.
Patients were 1:1 randomized to a single dose of 1 mg/ kg of sildenafil (max dose of 20 mg) or placebo 30-90 min prior to beginning of catheterization. Timing of the study drug dosing was based upon maximizing the hemodynamic effects of sildenafil based upon known pharmacokinetics [37] . Study drug was dispensed through our institution's research pharmacy. All investigators except the research pharmacist remained blinded to study assignment until all subjects were enrolled and PVL analyses completed.
Sample Size Estimation and Statistical Analysis
The study was designed so that the selected sample size would provide 80 % power to detect between-group differences in VA coupling, assuming 2-sided hypothesis testing and an alpha level of 0.05. Using previously reported study that assessed the effect of oral sildenafil on the noninvasively measured ventriculoarterial coupling in patients with Fontan circulation, the study was powered to detect a 25 % improvement in VA coupling with sildenafil [31] . With these assumptions, the number needed to enroll in each treatment group was nine.
Comparison between baseline PVL measurements in the treatment groups was performed using Wilcoxon rank sum test. To investigate the change in PVL measurements after administration of dobutamine, a general linear model was constructed. The dependent variable was change in the PVL measurement. The primary independent variables were study drug (placebo vs. sildenafil) and baseline PVL measurement served as a covariate in the model. Therefore, treatment group's (sildenafil vs. placebo) association with change in PVL measurement was investigated while controlling for PVL measurement at rest. All continuous variables were log transformed prior to model construction in order to obtain normally distributed residual errors. Set significance level was p value of \0.05. All statistics were performed using IBM SPSS Ò v.21 (Armonk, NY).
Results

Patient Characteristics
Twenty-seven consecutive subjects meeting all eligibility requirements and scheduled for clinically indicated catheterization were approached for participation; 20 consented (74 %). Nineteen of 20 (95 %) consented subjects completed the study protocol. One patient had technical issues during baseline PVL acquisition that made study data not analyzable and therefore did not receive dobutamine. Median age for the cohort was 8 years (IQR 4, 17 years) with a median weight of 22.7 kg (IQR 16, 59 kg). Of the 19 patients, 13 (68 %) had a dominant right ventricle and 6 (32 %) were female. The entire cohort had a median EF of 59.7 % (IQR 47.4, 63 %) and median enddiastolic volume of 82 ml/m 2 (IQR 62, 101 ml/m 2 ). As given in Table 1 , there were no differences between treatment groups in terms of age, weight, BSA, gender, ejection fraction, end-diastolic volume or dominant ventricle morphology. The indication for catheterization was possible fenestration closure in 14, lower saturations in 2, combined hemodynamic and electrophysiological study in 2 and hemodynamic assessment only in 1.
Response to Dobutamine
Nineteen patients completed the study as designed in the protocol. None of the 19 patients that received dobutamine had an adverse event related to dobutamine. Specifically, no patients had a tachyarrhythmia or significant hypo or hypertension. All 19 patients had dobutamine infused at 10mcg/kg/min for at least 10 min or until a new baseline heart rate was obtained. The median heart rate prior to dobutamine was 89 bpm (IQR 67, 93 bpm) and increased to 120 bpm (IQR 100, 139 bpm) (p \ 0.01), an increase of 43 % (Fig. 1) . During dobutamine stress, EF increased by 13 % (95 % CI 8, 19, p \ 0.01). However, end-diastolic volume did not change significantly with a mean decrease of 7.6 ml/m 2 (95 % CI -2.1, 17.3 ml/m 2 , p = 0.12). PVL indices at baseline and after dobutamine infusion can be found in Fig. 2 . Measures of systolic function increased from baseline after dobutamine infusion. Ees increased from 2.6 ± 0.9 mmHg m 2 /ml prior to dobutamine to 3.8 ± 1.4 mmHg m 2 /ml at the end of dobutamine infusion (p \ 0.01; Fig. 3 ). Stroke work almost doubled from 0.38 ± 0.14 to 0.67 ± 0.28 J/m 2 (p \ 0.01) after dobutamine infusion, and dP/dT max increased from 1022 ± 257 to 2769 ± 911 mmHg/ms (p \ 0.01). Despite the improvement in systolic indices, EA showed a trend toward worsening, from baseline of 2.1 ± 0.9 to 2.5 ± 1.2 mmHg m 2 /ml after dobutamine infusion (p = 0.07). There was a trend toward improved VA coupling after dobutamine infusion (1.4 ± 0.4 to 1.8 ± 0.9, p = 0.07).
Indices of diastolic function showed improvement after dobutamine infusion for the entire cohort. The dP/dT min improved from -1435 ± 348 to -2237 ± 641 mmHg/ms (p \ 0.01), and Tau went from 35 ± 6.5 to 25 ± 4.8 ms with dobutamine infusion (p \ 0.01). Filling rate of the single ventricle was faster after dobutamine compared to baseline (0.13 ± 0.05 vs. 0.20 ± 0.07 ml m 2 /ms, p \ 0.01). There were no differences in baseline PVL measures of systolic, diastolic indices or VA coupling between treatment groups (Table 2 ). To explore associations between treatment group and changes in PVL measurements after dobutamine infusion, a generalized linear model was employed. Table 3 summarizes the changes in each treatment arm.
When investigating changes in VA coupling with dobutamine infusion, the sildenafil arm of the study had a smaller improvement (Table 3) . However, in the general linear model, an association between change in VA coupling and treatment group did not reach statistical significance (R 2 = 0.33, b = 0.39, p = 0.06). Changes in EA were similar between treatment groups (Table 3) , and change in EA was not associated with treatment group in the general linear model (R 2 = 0.32, b = -0.3, p = 0.14). Changes in Ees were negatively associated with baseline Ees (R 2 = 0.42, b = -0.73, p \ 0.01), demonstrating that patients with the largest change in Ees with dobutamine were those with lower Ees at baseline. In the general linear model, treatment group was not statistically associated with change in Ees (b = 0.16, p = 0.32). Similarly, changes in dP/dT max and SW were not associated with treatment arm Fig. 1 Change in heart rate from baseline (left side of graph) to postdobutamine heart rate (right side of graph). Each line represents an individual patient. Median heart rate increased from 80 to 120 beats/ min Table 3 ). There was no difference in improvements in EF between treatment groups; median change in sildenafil arm was 8 % (3-15 %) versus 14 % (6-24 %) in the placebo group, p = 0.30. Therefore, for systolic indices, treatment group was not associated with response to dobutamine.
For diastolic function, the median change in filling rate for the sildenafil arm was 0.04 (0.01, 0.08) versus 0.08 (0.06, 0.14) ml m 2 /ms for placebo. This difference did not reach statistical significance (R 2 = 0.11, b = 0.23, p = 0.20). Tau improved similarly between treatment arms (Table 3) 
Discussion
Despite a lack of physiologic mechanistic information, there has been increasing use of PDE5 inhibitors in children with single-ventricle physiology given their perceived impact on pulmonary vascular resistance and ventricular performance. This is the first study to systematically and invasively assess the effect of PDE5 inhibition, as well as the response to dobutamine stress, in Fontan patients using PVL analysis. PVLs are the gold standard method to assess VA ventriculoarterial, EA arterial elastance, Ees end-systolic elastance, SW stroke work dP/dT max = maximal rate of pressure increase, dP/dT min = maximal rate of pressure decline VA ventriculoarterial, EA arterial elastance, Ees end-systolic elastance, SW stroke work dP/dT max = maximal rate of pressure increase, dP/dT min = maximal rate of pressure decline * p values are significance of treatment group in general linear model ventricular mechanics as distinct phases of the cardiac cycle can be studied in great detail. Microconductance catheters allow for simultaneous high-fidelity acquisition of both pressure, through a micromanometer, and volume, through conductance technology. The PVL analyses performed in this study produced three significant findings. First, there were improvements in diastolic and systolic PVL measurements with dobutamine stress in Fontan patients. Second, afterload, measured by EA, trended toward worsening with dobutamine infusion. Finally, both treatment groups (sildenafil vs. placebo) had similar PVL measurements at baseline and change in PVL measurements during dobutamine infusion.
There have been multiple reports demonstrating improvement in exercise capacity with PDE5 inhibition in Fontan patients [14, 15] . However, our results suggest that the observed improvements in exercise with sildenafil are not from improved cardiac function. Possible explanations for improvement in exercise function after sildenafil include improved O 2 delivery to skeletal muscle or improved lung function. Sperandio et al. [34] demonstrated an improvement in oxygen delivery at the microvascular level after sildenafil administration in chronic adult heart failure patients. Fontan patients and adult heart failure patients have elevated central venous pressure, and therefore, this effect of sildenafil may occur in Fontan patients. Also, sildenafil has been demonstrated to improve pulmonary mechanics and gas diffusion in chronic heart failure; this may be particularly important in Fontan patients who have a high incidence of restrictive lung disease [6, 11] . The etiology of improved exercise tolerance in the Fontan population after sildenafil administration remains unclear and warrants further investigation. Dobutamine is a well-studied beta agonist, and its inotropic and lusitropic effects have been previously described in biventricular circulation [8] . Our study found similar results with improved Ees, dP/dT max , SW and EF with dobutamine stress. Diastolic function also improved with dobutamine infusion evidenced by improved diastolic filling rate, Tau and dP/dT min . Therefore, Fontan patients have the ability to improve systolic and diastolic function during stress. Fontan patients' improvement in ventricular function with dobutamine stress should be compared to agematched normal controls to see whether the response to dobutamine is similar. Difference between groups will likely lead to a better understanding the ventricular mechanics that lead to heart failure in Fontans.
Dobutamine is known to improve VA coupling in normal subjects by improving Ees and decreasing EA [26] . However, our results show that possible improvements in VA coupling from improved Ees were mitigated by an increase in EA. Only 4/19 (21 %) of patients had a decrease in EA with dobutamine stress. A recent study of adult heart failure observed the same phenomenon, where approximately 50 % of adult patients with dilated cardiomyopathy had increasing EA with dobutamine stress [26] . Dobutamine typically decreases afterload, and therefore EA, by arteriolar vasodilation and venodilation [3] . However, in studies of heart failure these vascular responses to dobutamine can be impaired and lead to venoconstriction [27, 38] . Given that Fontan patients have increased venous thickening, chronically elevated central venous pressure and altered endothelial function, it is likely that they would have abnormal venous responses to dobutamine stress [4, 29] .
The study protocol was well tolerated by all patients. No patients had an adverse event with study drug (placebo vs. sildenafil) or dobutamine infusion. Only one patient had PVLs that were not able to be analyzed. PVLs are well suited for assessing ventricular function in SV patients as there are no geometric assumptions in PVL indices of ventricular function. Therefore, PVL analysis obtained by microconductance catheters with dobutamine infusion can be an appropriate and effective method of investigating ventricular mechanics in patients with SV physiology.
Limitations
The study was designed to test the effect of an acute effect of PDE5 inhibition on ventricular mechanics in Fontan patients. This study did not investigate the effects of chronic PDE5 inhibition on ventricular function. Chronic PDE5 inhibition could lead to improved ventricular mechanics. In addition, chronic PDE5 inhibition may lead to improvements in cardiac, pulmonary or skeletal muscle function that cannot be measured by PVLs and therefore may very well provide a clinical benefit in this population not evaluated in our study. We were unable to perform volume reduction when doing PVL measurements and therefore used previously validated single-beat measurements to estimate Ees.
Conclusion
Patients with Fontan circulation are able to improve systolic and diastolic function with dobutamine stress. The acute administration of sildenafil is not associated with improved ventricular function in Fontan patients.
